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Summary 

Systemic »ciprirad rMlstonce (SAR) b an induAto plant 
defense response and b effective against a broad spectnsm 
of pathogens. Biological Induction of SAR usuaOy foHows 
plant ceU death resulting from the pUnt hypersent!tive 
response IHR) eUcHed by an avirulent pathogen or from 
<fisease necrosis caused by a virulent patfiogen. The eDcita- 
tion of the HR and disease necroses by pathogenic bacteria 
b controlled by hrp genes. Previously, It was shown that 
the Psaudomonaa ayringaa 61 CP»s61) HrpiZpu proteiii 
(formally harpbVaJ •Tidted the HR in pbnts. bt this study, 
K b shown that HipZp» induced SAR In cucumber to 
diverse pathogens, inchnfing the anthracnose fungus 
iCOAetotrMuni lagenarium), totMCCO necro^ vbus and 
the bacterial angubr leaf spot bacterium fR s. pv. 
lachryman^. A hrpH mutant of Pss61, which b defecthrs 
in the secretion of HfpZp„ possibly, othor protebi 
eficHors* faiiod to eiidt SAR Pathogenesiarrelated IPR) 
proteins, indudtng peroxidase, ^lucanase end chhinaaos» 
were induct In cucumber pbnts inoculated with PssSI. 
C bganarhun or HrpZpar The induction patterns of PR 
proteins by HrpZp„ and Pss61 were the sameu iHit were 
different from that induced by C hgenarwrn. Interestingly, 
the hrpH mutant induced two of the three Identified PR 
protons, despite Its faBure to Induce SAR These results 
suggest that proteinaceous elicftors, such as HrpZ^* that 
traverse the bacterial Hrp secretion pathway are fawohrod 
in the biological biduction of SAR and that at least eome 
PR proteins can be induced by bacterial factors that are • 
net controlled by lup genas. 

IntroducliOR 

|.oc8lized infection of plants by necrotizing pathogens can 
result in systemic acquired resistance (SAR) to disease, 
which persists for weeks to months and is effective against 
diverse pathogens including fungi, bacteria, and necrotlz- 
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ing viruses (Kuc, 1982; Ross, 1961). Biol gtcal induction of 
SM is usually associated witfipri r plant cell death during 
the hypersensitive response (HR) or disease necrosis trig- 
gered by avirulent or virulent pathogens, respectively 
(Cameron etaL, 1994; Kuc, 1982; Ross, 1961; Uknes 0taL, 
19931. Certain synthetic chemicals, such as saficylic add 
(SA) and 2,6-dlchloroisonicotinic acid (INA), also can be 
very effective in the induction of SAR when appfied to 
plants (Metraux era/., 1991; WhHe, 1979). The Induction of 
SAR in cucumber plants by an avirulent bacterial pathogen, 
Pseudomonas syringae pv. syringae, appears to be depen- 
dent on bacterial hrp genes that are required for many 
plant pathogenic bacteria to elicit the HR in non-host pianta 
or to cause disease in host plerm (Smith at aL, 1991). The 
HR is a complex plant resistance reaction whidi involves 
local plant cell death and restriction of pathogena to the 
site of their introduction (Klement 1982). 

Recent studies have shown ttiat most Hrp proteins are 
invohfed in the assembly of a type Di protein secretion 
pathway (the Hrp pathway) through which t>acterial patho- 
genesis-related proteins traverse to the extracellular milieu 
to initiate various plant-bacterial Interactions (Fertselau, 
1992; Huang et aJL, 1992, 1996; Van Gijsegem etaL, 1995). 
One family of such proteins ^at have been identified 
are heat-stable, glycine-rich proteins: harpin of Brwinia 
amyiovora (Wei et aU 1992), HrpZpn (formally harpiniij 
of P. s; pv. syringae 61 (Pss61) (He et at, 1993) and PopA 
of P. solanacearum (Ariat at Bt^ 1994). Harpins and PopA 
were shown to elicit the HR when infiltrated into the leaf 
laminae of appropriate plants (Ariat et aL, 1994; He af ai« 
1993; Wei et al^ 1992), to induce exchange of H* and K* 
(the 'XRO across the plasmalemma (Wei at al^ 1992), and 
to generate acth^ oxygen species (Baker at aL, 1993) when 
added to plant cell cultures, which are ell properties of the 
HR elicited by live bacteria. 

As part of our investigation into plant responses to P. 
syringae extracellular proteins under the control of the Hrp 
regulatoryfeecrction system, we studied the Involvement 
of HrpZpte in the biological induction of SAR by R & pv. 
syringae 61. In this paper we describe the experimental 
resuits shoving that HrpZpn, as well as the bacterium 
(P8S61) that produces rt efTiciently induced SAR in cucum- 
ber to diverse pathogens, including a fungus {ColMo- 
trichum lagenarium). a bacterium (R «. pv. lachryman^ 
and a local lesion-forming virus (tobacco necrosis virus). 
The hrpH mutant, which is defective in the secretion 
of HrpZp,^ failed to induce SAR. Muhiple pathogens^ 
related (PR) proteins were detected in cucumber plants 
treated witfi HrpZptt, Pss61 and Cl lagenariurtu The efficecy 
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of SAR induction, resistance spectrum and patterns f PR 
protein induction were very similar in plants treated with 
HrpZpu and PssSI. InterestSngly, the PR protein patterns 
induced by HrpZp» and PssSl were somewhat different 
from that induced by C lagenanum. The hrpH mutant, 
though unable to Induce SAH» efficiently induced some of 
the welk:haracterized PR proteins. These results suggest 
that the biological induction of SAR by P. synngae is 
dependent on the bacterial proteins (such as HrpZp^) which 
traverse the Hrp secretion pathway and that at least some 
PR-proteins can be induced by bacterial factors other than 
Hrp-controlled extracellular proteins. 

Results 

Symptoms on cucumber leaves treated whh SAR 
inducers 

Treatment of leaves with spores of C lagenarium (a viru- 
lent necroge;nic pathogen of cucumberl resulted in the 
developnr>ent of symptoms typically obtained with the 
fungus in cucumber, infiltrated areas were asymptomatic 
for 3-^ days, after which time tissues began to coitapse 
and become necrotic. Lesions continued to expand for 
several days and developed a tan to brown pigmentation. 
Symptoms induced by treatments with Pss61 Ian avirulentr 
HR necrosis-inducing pathogen) and HrpZp„ varied with 
environmental conditions In the greenhouse. Under high 
levels of natural light PssSI and HrpZp„ triggered the HR 
vtnthin 24 and 48 h, respectively, after Infittratioa The HR 
was restricted to infiltrated areas and did not expand as 
did the necroses caused by C lagenarium. Under lower 
natural light levels (cloudy days), tissues infiltrated with 
Pss61 or HrpZpn developed a weaker HR characterized by 
increasing chlorosis over a 3-6 day period, then necroses 
developed gradually and irregularly, despite supplemental 
illumination with sodium lamps. Infittratton with hrpH 
(which is defective in the secretion of HrpZpM, He at aL 
1993) caused either no symptoms or a very mild chlorosis 
under all conditions tested. Infiltration with buffer alone 
caused only a small ring of vtrtvte necrosis resuHing from 
mechanical damage caused by pressure of the pipette ' 
mouth against the leaf. Interestingly, infiltration with £. 
amylovora harpin protein, which was prepared from 
DH5o(pCPP50) (He et aU 1994) and which induced a strong 
HR in tobacco leaves, did rwt induce HR necrosis in 
cucumber leaves (data not shown). 

SAB to C lagenarium 

We first tested to see whether HrpZpu alorte could induce 
SAR to a well-studied fungal pathogen of cucumber, C 
lagenarium. As shown in Table 1, HrpZp^ treatment 
induced SAR comparable to that induced by C. lagenarium 



(approximately 90% reduction in total necrotic area relath/e 
to t}uffer-treated controls) in two upper leaves which 
expanded subsequent to induction treatment The degrees 
of SAR induced by HrpZpaa, Pss61, Pss6V/i/pH and C 
lagenarium in cucumber were subsequently compared. 
Under conditions conducive to HR development in the 
greenhouse (high levels of natural light due to aunny 
weather) botft HrpZpn and Pss61 efficiently induced SAR 
in Leaf 2 and Leaf 3 (Table 2 and Figure la and b). SAR 
was expressed as a reductipn in both the number and 
diameter of necrotic lesions resulting from challenge with 
C. lagenarium. Protection of Leaf 2 was comparable to that 
induced by C lagenarium, whereas protection In Leaf 3 
was weaker than that induced k>y the fungus. Under the 
conditions of this experiment expansion of Leaf 2 and 
Leaf 3 occurred after the onset of the HR and necrosis 
incited by C lagenarium Infiltration. Leaf 2 was fully 
expanded prior to challenge-inoculation, whereas Leaf 3 
was not The hrpH mutant did not induce SAR (Table 2). 
The quality and/or quantity of light profourully influenced 
the induction of both the HR and SAR in cucumber by 
Pss61 and HrpZpn in the greenhouse. When a similar 
experiment was conducted under conditions non-con- 
ducive to HR development (low levels of natural light on 
cloudy days), neither PssSI nor HrpZpn induced the HR or 
SAR, although C lagenarium Incited necrotic lesions on 
Leaf 1 and induced SAR under these conditions (data 
not shown). 

SARtoTNV 

We next examined whether HrpZpn-induced SAR vrauld 
be effective against a viral pathogen. In two initial experi- 
ments, the abilities of HrpZpn and C lagenarium to induce 
SAR toTfW vwre compared. HrpZpu ellched e normal HR 
in these experiments and induced-SAR to TNV local lesion 
formation comparable to that induced by C lagenarium 
(Table 3 and Rgure 1c and d). We then compared the 
abilities of HrpZpu, PssSI, hrpH, end C lagenarium to 
induce SAR to T1MV. Under high light conditions, HrpZpu 
and Pss61 elicited e normal HR and Induced SAR which 
restricted local lesion formation by TNV to an extent similar 
to that of SAR induced t>y C lagenarium. The percentage 
of lesion number reduction was 68% for PssSI, 67.1% for 
HrpZpn, and 75.S% for C lagenarium (Table 3). Under low 
natural light conditions unfavorable for HR development 
(see Experimental procedures), HrpZp„ and Pss61 elicited 
a weaker degree of SAR relative to that induced by C 
lagenarium. The percentage of lesion number reduction 
was 445% for PssBI, 46.7% for HrpZpn, end 89,6% for C 
lagenarium (Table 3). The lesion numbers observed In 
these independent experiments varied greatiy, mainly due 
to the use of different TNV inoculum preparations. TMV 
inoculum Was prepared freshly each time from cuojmber 
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Tabto 1. Ifiductioo by HrpZp„ a nd the tunpal pathopen, C lagBnaman of systemic acquiwl raatetance to C lagwarium in cucumbaf 
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Teble 2. Induerton ot iw«emic acquired n«J5t«nc to C lafl««iiiim in cucumber by P. » .jrrinff.* « (PesSI). HrpZ^. the hrpH mutaitt 



of Pss61and Clasenerfum ^ ^ 






Le8f2 






Leafs 




• 


number 


Lesion 
diameter 
imm) 


Total 
necrotic 
area (mni^ 


Lesion 
number 


dianieter 
(mm) 


listal 
necrotic 
area (mm*) 


Bufliir 

hrpH 

r>ss61 

HrpZta 
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164±1.2* 
13^1.1 

SD±0J5 
4^±1.2 
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leaves bearing TNV lesions. In experiment 3, the hipH 
mutant induced a low level of SAR to TNV (TaWo 3). 

SAR to P. eyringae pv. lacryTnana 

HrpZps, end C lagenarium also induced SAR to the angulv 
leaf spot bacterium, P. «. pv. Iserymans. For these experi- 
ments, cucumber plants wrero chaHenge-lnoculated at 11 
days (by spraying) or 17 days (by rubbing) after treatment 
of Leaf 1 nable 4). Although C lagenarlum was a more 
effective treatment HrpZp„ also induced eignrficant levete 
of SAR to the bacterium, reducing necrotic lesion numbere 
by 32 and 75%, compared with 50 end 86% for C 
lagenarium. In the two experiments, respectively. 

Induction of PR proteins 

PR proteins that accumulated in treated cucumber plants 
were first analyied using nathre polyacrylamide get electro- 
phoresis (PAGE). All treatments (C iagenanum. Pss61 and 
HipTpJ that induced SAR also Induced the accumulation 
of three PR protein bands (tentatwely named PR-A. PR-B 
and PR-C) (Figure 2a). C lagenanum induced PR-C, but not 



PR-A and PR-B, in systemic leaves, while PssBI and HrpZpa. 
induced PR-B, but not PR-A and PR-C, in systemic leaves. 
Treatment with buffer or hrpH mutant did not Induce these 
particular PR protein bends to^ levels that would allow 
visual Identification. To see wheiher any PR proteins with 
known functions were Induced in these plants, protein 
extracts were analyzed using native PAGE coupled with 
enzyme (chWnase, peroxidase and p^ucanase) ectivfty 
staining. As shown in Figure 2(b), all three enzymes were 
induced in plants treated with HrpZpMr Pss61 or C lagan- 
arium in both locel (treated) and systemic lesveSr although 
induction of chitinase isoforms by Pss61 and HrpZpn In 
systemic leaves was variable and low. The enzyme adivitias 
were substantially higher in local leaves than in systMnIc 
leaves. Surprisingly, etthough the hrpH mutant bacterium 
failed to induce SAR, it efficiently induced peroxidase end 
chitinase, especially in treated leaves (Rgure 2b). Only 
^lucanase was not found to be induced to high levels In 
the hrpH-treated plants (Figure 2b). It Is interesting to 
note that PR protein levels induced by various treatments 
correlated well v^fith degrees of SAR induced by the same 
treatments (C lagenaripm >HrpZp„=P8s61>/wpH> or - 
buffer). 




fi9tif»1.0»eaM»vmplonw earned by challenged nfwtion M C togenwiurn and tobwxo nee^ 

A^^^0><M9frrmont» on M 2 0l cucumber pi. rm with U«f 1 previowiy tr»«t»d with HrpZ^ (80 jig mr\ »> or buflw (B mM M9SO4, t). l»tf 1 of youeiQ 
pUnts was infatratwl whh Urffef or HrpZf,^ Aliw 8 days. Leaf 2 and Laef 3 wara challangad with 20 droplets per leaf comeining aporaa of C UgensHum, 
Diaeasfl was allowed to develop for 8 dayt. whert the ptctum wm% takm. - . . .. ,. . . _ 

TNV fympionw on Leaf 3 of cucumber plantt wfth Leaf 1 pr»vious»v treated with HrpZp„ td or bufier (d|. Leall was treated by InRtomtoo off touflw 01 
HrpZpn as described bi tootnotes to Table 1. After 7 days. Leaf 3 w«s challenged by mechamcal inocuiation with a TNV suspension prepared from infeosd 
cucumber leaves. Disease wb» allowed to develop for 9 days,when the piours was Ukan. 



Induction of the pr-1 gene and SAR in tobacco 

HrpZpu also induced SAR to tobacco mosaic vims (TMV) 
in tobacco (Table 5). The SAR level induced by HrpZp., was 
less than that induced by TMV. This was consistent with 
the different levels of induction of the prO gene by HrpZp«s 
and TMV (Figure 3). TMV-inoculated local leaves (the third 
and fourth true leaves) also showed more necrosis than 
those infiltrated with HrpZp« (data not shown), which may 



be partly responsible for the different levels erf SAR and 
pr-1 expression In TMV- and HrpTp^-induced plants. 



Discussion 

In this study, we show that HrpZ^ a bacterial hrp gene 
product secreted via the Hrp pathvray of R s. pv. syringae, 
induced SAr in cucumber and tobacco. In cucumber, the 
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TabU 3. Induction of syslBmlc acquired res'mance 


to TNV in cucumber by hrpH iriutent HrpZp» PssBl end C lagenarium 






Number of TNV nea 


■ote local (esiona 




Tretttmsnt 


Experirmm 1 


Experiments 


Experiment 3 


Experiment 4 


Buffar 

HrpZf. 
PssSI 

C lagenarium 


99.7£19J" 

28.7*3^ 

34.7±1&6 


47Jt±0^ 
. 75±U 


730^*«3S* 

240^^273 
' 239J9±G9.7 
1783±2&9 


324J±11^ 
189.0141J9 



•Miian*SEofthreerBplieatoplant»perirestineirt.'Wean*5feoT«8nt»«P'"cra|MTO 

I^SiJIJSl ^!^^n «lth . TNV «i.p.n.ion pcpar^l ftom InlMed eueumb.r le«r-. Di..». w» .lk>w«l » dr^lop lo, 10 or 9 div 

in experiments 1 and 2# respectively. , 

Experiments 1, 2 and 3 were perfonned under high levels-trf natural light during eduction periods. 

Experiment 4 was perfonned on cloody days. 



Table 4. Induction of systemic acquired resistance to P. syrin^** 
pv. iacry mana by HipZp, end C lagenarium * 

Number of necrotic iestons* 

Treatmem * Inoculated by rubbing Inoculated by spraying 



Buffer 
HrpZpM 

C logertarium 



2418±34^ 
168.5£24.S 
122^±&8 



133^1.7 



•Mean ♦ SE olfive replicate plants per treatment 
Leaf 1 of young plants was Inflhrated with treatments as described 
in the foomotea of Table 1. Leaf 6 was challenged by rubbing, or 
by spraying the abaxial leaf surface with a suspension of bacterial 
cells lODeao-^-2, 17 days after induction; or OQaoo-0-1« H 
after InducUon, respectivelvJ. Disease was allowed to develop 
for 7 or 13 days in rub-inoculated or spray-Inoculated plants, 
respectively* 

efficacy against fungal, viral and bacterial pathogens and 
persistence (for at least 17 days, in the bacterial challenge 
experiments) of Hrp2p„-induced SAR is comparable to that 
induced by the bacterium (Pss61) that produces HrpZpi^ 
The degree of SAR induced In cucumber by HrpZp» was 
also comparable to that Induced by a well-studied bio- 
logical inducer of SAR. C lagenarium (Kuc and Rlchmondr 
1977). The hrpH mutant of P. «. pv. syringae, which Is 
defective In the secretion of HrpZp^ and other proteln- 
aceous pathogenicity factors (He et«L, 1993; Huang etaL, 
1992; Yuan et at, in preparation), failed to induce SAR In 
cucumber. The induced PR protein patterns were the same 
in cucumber plants treated with Pss61 and HrpZpst, but 
were different from that in C /agananum-treated plants. 
Moreover, the hrpH mutant although unable to induce 
SAR, efficiently induced at least two vvell-characterized 
PR proteins, chitinase and peroxidase (Figure 2b). These 
results suggest that the biological induction of SAR and 
PR proteins by P. & pv. syringae 61 In the non-host plant, 
cucumber, is dependent on the production and secretion 
of proteinaceous elicitors of the HR, such as HrpZpn, but 



that at least some PR proteins can be induced by bacterial 
molecules independent of hrp gone functions. 

The efficacy of both HrpZpM and PssSI as inducefs of 
SAR in cucumt)er appeared to be contingent upon their 
ability to elicit a normal HR, as low levels of natural light 
during the induction period, vrNch interfered with HR 
development resuhed in reduced SAR to TNV end no SAR 
to C lagenarium (Table 3; Strobe! and He, unputillshed 
worU. The negative effect of low light likely resuhed from 
an effect on HR development rather than upon ttie ptanft 
capacity to express SAR because C laganarium formed 
necrotic lesions typical of this compatible pathogen on 
teaf 1 (the inducer leaf) and triggered SAR under these 
same conditions. The profound effect of light on the 
development of the HR has been ot)served previously 
(Sequeira, 1979), although the underlying mechanism 
remains to be determined. The dependence of the induction 
of SAR on the HR Is further suggested by our observations 
that the hrpH mutant of Pes61;.vifhich produces but does 
not secrete HR elicitors (He ef al^ 1993), did not elicH the 
HR or induce SAR in cucumkwr. Furthermore, £ amyloyon 
harpin, another HR elidtor which is structurally different 
from HrpZpn and v»fhlch elicited a strong HR In totwcco, 
did not induce en HR or SAR in cucumber plants (Strobal 
and He, unpublished observation). In conclusion* there 
appears to be a tight linkage t>etween HR development 
and induction of SAR in planu by avirulent bacteria. 

The tight linkage between the HR and SAR suggests that 
the signaKs) for the induction of SAR by HrpZpa and P. & 
pv. syringaa 61 likely comes from dying plant cells and^ 
cells immediately adjacent to the dying cells during the 
HR. What types of cell death would lead to the indu^lon 
of SAR? It has been shovm that the HR triggered by live 
bacteria (Keen et aL 1981); HrpZp„ (He at aL 1993) or £ 
amyrovora harpin (He eT aL 1994) invoh«s an active call 
death pathway. Does this mean that only cells undergoing 
active cell death give rise to stgrials for SAR? The answer 
to this is probably not simple. SAR and PR proteins can 
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TabI* S. Induction of systemic acquired resistance to TMV by 
HrpZp„andTMV 



Diameter of necrotic lesions' 


Buffer 


4.41 


Hrp2p„ 




TMV 


,234±0iQ 



■Mean ± SE of 100 lesions per treatmem. 
The third and fourth true leaves of 6-week-old tobacco plants were 
inoculated with TMV (100-150 lesions per leaf), or infOtrated iwith 
120 |ig rnt^ harpinpn or 5 mM MgS04 et 10 sites (50 |il per site). 
Five days later the seventh and eighth true leaves were challenge- 
inoculated with TMV. The diameters of TMV lesions on the 
challenged leaves were recorded. 



peroxidase 
bcu-glucmsc — ► 

chibiuHC 



1 234567S9I0 




Hgum 2. PR pratetn eccumuiabon in cucumber plwits. 
PAGE M and PAGE coupled with activity staining (b) analyses of protain 
extracts from vested Danes 1. 3^ & 7 and 9) or tystamic leaves (larMS Z 4, 
ft, a and 101. The tiBatments wvra bufflar (laoM 1 and 2). C UgmnaHum 
llanec 3 and 4)« Pts61 ganet Sand B), HrpZpM (tan«s7 and 8* andtha HrpH 
mutant (lanea 9 and 10). Pfi-A, PR-B and PR-C are lenialWe names tor the 
mm PR proteim observed In these experiments. The identities of these 
PH proteins are unknown. 

be induced not only by HR-eiicltino avirulent pathogens, 
but also *by necrosisousing virulent pathogens. For 
example, P s. pv. laciymans and C lagenarium can effici- 
ently induce SAR and/or PR proteins in the susceptible 
host plant cucumber (Kuc and Rtchmcnd, 1977; Smith 
et aL, 1991; this study). Unless celt death during the HR 
and some diseases shares the same biochemical processes, 
which is possible, the ability of both virulent and avirulent 
pathogens to induce SAR argues for multiple cell death 
pathways in the induction of SAR. On the other hand, not 
all types of plant cell death induce SAR. For example,' 
cell death due to mechanical wounding or resulting from 
certain plant mutations does not induce SAR (Dietrich ataL, 
1994). h would be important in the future to learn why 
certain cell death processes, but not others, lead to SAR. 
Endogenous signaling molecules, such as salicylic acid 
and H202* have been shown or suggested to be involved 
in the induction of SAR (Chen et aL 1993; Gatfney at aL 
1993; Malamy et aL 1990; Metraux etaL 1990; Rasmussen 
etaL 1991). However, the mechanismts) by which various 
biological inducers of SAR generate these signals and the 
identity of the actual systemic signaMs) trarislocated from 
the induced leaves to distant leaves remain to be deter- 




pr-1 



rRNA 



Rgura 3. Induction of the pri gene in tobacco leaves. 
Total RNA was isolated from systemic leaves (the ninth tnie t ea v ta ) of 
plants treated with tMiffer (lane 1t TMV (lane 2). or HrpZpn (lane 3) S days 
post-indiicrion. A PCR-ampIKied internal fragmam of the tobacco pr>1 gena 
was labeted with lo-'^ldATP and used as a probe. Tlie largest rRNA 
species visualized after statnino wtth stttidlum bro ml da 
• f 



mined. Also, it has not been unequivocally shown that celt 
death Is necessary for the Induction of SAR. 

It is interesting to observe that although C lagenarium <a 
necrotizing pathogen of cucumber), Pss61 (an HR-elidling 
bacterium on cucumber) and HrpZpn (an HR-elicfting 
protein) all Induced SAR in cucumber plants^ there were 
some differences in the induction of PR proteins by these 
pathogens/protein. While C lagenarium, Pss61 and HrpZp^ 
all induced PR-A. PR-6 and PR-C in the inoculated leaves, 
only C lagenarium induced PR-C in systemic leaves to a 
high level (visible on e PAGE gel). In contrast PR-^ was 
induced in systemic leaves to high levels only by Hrp 2f„ 
and PssSl. The induction patterns of PR-A. PR-6« PR-C, 
chitinase, peroxidase and p-glucanase were the same for 
Pss61 and HrpZpss, suggesting that HrpZpM either la a 
major inducer of SAR in Pss61 or is representative cf 
SAR inducers produced by Pss61. The differences in the 
induction of PR proteins by C lagenarium and P8s61/ 
HrpZpc may have resulted from different inducers pro- 
duced by C. lagenarium and Ps^SI/HrpZpn, respecthrely. 
Altemativelyi the differences may reflect possible mechan- 
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istic differences of plant cell death resulting from the HR 
caused by Pss61 or HrpZp„ and disease necrosis caused 
by C lagenarium, respectively, ahh ugh both types of cell 
death efficiently trigger SAR In cucumber. 

In this study, 80-160 )ig ml"' purified HrpZp„ were used 
for induction of SAR. Hrp2p„ at these concentrations 
consistently clicrted both HR and SAR in cucumber and 
tobacco leaves. It Is not known whether these concenm- 
tions are comparable to the in vhro emounts of HrpZpa 
secreted by Pss61- Nor is it known whether the relathn 
activity of purified HrpZp„ is comparable to that of HrpZft, 
produced by Pss61 in pianta. Previously, it was shown that 
Pss61 hrpZ mutants carrying transposon-lnduc«d 
mutations in the hrpZ gene (complementation group XII) 
were defective In the elfcitation of HR (Huang ef aL 1991) 
and SAR (data not shown). More recently, it was discovered 
that these transposon-induced ft/pZmutationsexerta polar 
effect on five downstream /i/p genes ihrpB~FI in the'li/p? 
operon (Preston at ai^ 1995; Collmer, personal communica- 
tion). hrpB-F, like hrpH, are likely involved in the assembly 
of the Hrp secretion apparatus (Preston etaL 1995), There- 
fore, current itrpZ mutations affect the expression of not 
only the itrpZ gene but also several other hrp genes that 
are involved in the secretion of HrpZps* and, most likely, 
other HR elicitors/pathooemcity factors. A non-polar hrpZ 
mutant Is needed to assess the contribution of HrpZpn In 
the induction of HR and SAR. Recentiy. several additional 
proteins traversing the P. syringae Hrp secretion pathway 
have been identified in P. syringae pv. tomato (Yuan atal^ 
In preparation). It would be interesting to know whether 
some of these new Hrpncontrolied E syringae extracellular 
proteins can elicit HR and/or SAR. 

Although the hrpH mutant of Pss61 failed to induce SAR 
in most experiments, ft efficiently induced the accumulation 
of peroxidase and chitinase in ell experiments (Figure 2b 
and data not shown). The induction of chitinase by hrp 
mutants was also obsen^ed by Jakobek and Undgrai 
(1993). These data suggest that induction of PR proteins is 
not necessarily a reflection of induction of SAR and that 
the accumulation of certain PR proteins may not contribute 
to resistance. In our experiments, only the accumulation 
of p-glucanasa seemed to correlate with the SAR Induced* 
by both C. lagenarium and Pssei/HrpZpw In cucumber. 
None of the other identified PR proteins were present at 
high levels in systemic leaves of an cucumber plants that 
exhibhcd SAR. Whether ^lucanase is responsible for the 
resistance of the induced plants to C. /agcnarium. TNV and 
P. s. pv. lacrymans in cucumber remains to be investigated. 
The relationships between the PR-A, PR-B, and P^C 
proteins with ^\Mcanase, chitinase, or peroxWase are 
not known. 

The demonstration of HrpZp„ as a proteinTOeous inducer 
of SAR may have important practical implications for plant 
disease management Crop plants could be genetically 



engineered wfth genes encoding proteirtaceous HR/SAR 
inducers, such as HrpZpn, under the control of plant 
prom ters irtducibte by virulent pathogens. H this approach 
were successful, the HR and SAR would be triggered fai 
otherwise compatible interactions, limiting the disease 
development 



Experimental procedures 

Growth ofpianta 

Cucumber {Cueumis Mthrus L) plants were grown hi plaatic pots 
corrtBining Promix soil. A Rquid fertilizer (Peter's 15-10-17, W. R. 
Grace and Cc FogelsviHe, nu, containing 110 P4Mn. nitrogen, 
was supplied to the wster, beginning when the fint true leaf was 
fully open. Plants wm grown in a glass greenhouse equipped 
with htghi>ressure sodium lights t^Mith a photoperiod of 14 h) to 
supplement sunlight when necessafy, 



Proration oflnocula 

HrpZfn was purified kyy affinity chromatography from BadmrlMa 
con DH5atpSYH45). pSYH45 Is a derivative of p(£30 (Qiagen, 
Inc.) expressing a hexahislidine-MrpZrta (fulMength) fmion 
protein. The first methionine residue cyf HrpZpw was replaoed 
by the followirtg amino add sequence in tfte fusion prutoiic 
MRGSHHHHHR The fusion protein was purified accordhig to the 
manufacturtr's instructions, tmidazole (300 mm) was used to eUrta 
HrpZpn protein* followed by extensive dialysts (3000-fbld) In 5 mM 
MgClj at 4'C The purity of HrpZp^ fusicm protein was estimatad 
by SOS-PAGE analysis to be greater than 35%. The fusion pmtein 
at the concentration of 80 )ig mT^ eTicHed a strong HR in tobacco 
and cucumber leaves* while an Identical preparation from 
DH5a(pQE30) (used as a control in the purification) dd not elldt 
any visible response in the same leaves. 

Fseudomonss syringae strains were grown In King's B broth 
(King ef aU 1954) overnight at SOrc Bacterial suspensions were 
prepared in 5 mM MgSO^. Spores .of CotletotriGhum iagenariwn 
were prepared as descrit>ed previously (Kuc and Richmond, ISTTV. 
Tobacco necrosis virus irK>culum was prepared by grinding cucum- 
ber leaves bearing necrotic local lesioitt in water (1g infected leaf 
tissue per 10 ml distilled water). 



Induction of SAR 

First true leaves (Leaf 1) of young cucumber plants icv. 'Marketer^ 
were treated with test agents by infiltration through their abaxial 
surfaces at 30 sites per leaf, with 10 pt per she delhrered by a 
repeating pipettor. Treatments consisted of buffer (5 mM MgS04>» 
HrpZp„ (final concentration in buffer was 80-180 jig mT^J, PssBI 
or hrpH (a final OO^n^O^ in 5 mM MgS04^ equivalent to approodrti- 
ately 2x10^ calls mT^), or a spore suspension of C lagenarium 

(75X10* spores mr\ 

For experiments involving tokiacco CNicotiana tabacum Samsun 
NN) plants, the third and fourth true leaves of B^wek-oW plant s 
were inoculated with TMV (100-150 lesions per leaf) or infittrated 
with 120 (ig mr^ Hr^iZpn or S mM MgS04. For TMV inoculation, 
adaxial leaf surfaces were dusted with cartx>rundum snd then 
rubbed with a cheesecloth pad rrralstened with a TMV suspensioa 
For Inoculation with HrpZpn or 5 mM MgS04, 50 |il solution was 
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pressured into each of 10 par>eb of a tobacco leaf usinQ a 
needleless syringe. Five plants were used for each treatroant 



Assessment of SM 

At 7-8 days after treatment of Leaf 1 with test agents, subsequently 
developed leaves (usually Leaf 2 and/or Leaf 3) v»ere chaneoffed 
wtth C tepenarfom, THV or P. aL pv. lacryma/w. 

For fungal challenge. 20 sites per leaf received 10 |il droptarts of 
e C Isgenanum sport suspension (1 xl<^ spores mr"*) placed on 
edaxial surfaces with a repeating pipettor. After inoculation, plants 
v«re held in darkerved moist chambers for 24 h to facilitate 
penetration of leavw by the pathogen. Chambers vvere then 
gradually opened to allow plant adaptation to ambient conditions 
over a 12 h period, and plants were then returned to a greenhouse 
bench for an additional e-7 days to allow disease development 

For TOV challenge, adaxial leaf surfaces were dusted wtth 
carbonindum and then rubbed with e cheesecloth pad motstaned 
with a TNV suspension. Vlnjs-lnoculaied plants were maintained 
on a greenhouse bench for 8-10 days to permit disease dt.vetop- 
ment 

For assessment of SAR to the angular leaf spot bacterium, R a. 
pv. lacrymans. Leaf 1 was infiltFated with buffer, C lagenaHum, 
or HrpZpw as descrS>ed above, and Leaf 5 was challenged on the 
abaxial surface vrith tfie bacterium by spraying with a Isaeterial 
suspension (ODwo*0.1) containing 0.02% Silwet L-77, a surfactant 
at 11 days post-induction or by rubbing with a cheesedoth pad 
saturated with a bacterial suspension tODaoo^O-S) at 17 days after 
induction treatment Spray-inoculated leaves were misted once 
and plants were then placed in a darttened moist chamber for 18 K 
follovred by a 12 h acclimation period. Plants were aubsequontty 
returned to the greenhouse bench. RutMnocuiated leevea were 
misted once with wrater and plants were kept on a greenhouse 
bench. Disease was aUowed to develop for 7 days lor nib- 
inoculated plants or 13 days for spray-inoculated plants. 

For evaluation of enthracnose development, the nuntber and 
diameter of necrotic lesions caused by C lagenarium were deter- 
mined, and the total necrotic area per leaf was calculated. The 
extent of disease caused by TMV or A & pv. tacrymang waa 
eveluated by counting necrotic local lesions on entire Inoculated 
leaves. 

For assessntent of SAR to TMV, the seventh and eighth true 
leaves were challenge-inoculated with TMV (100-150 lesions per 
leaf) 5 days after induction. For each treatment the diametere of 
100 TMV lesions (from 10 leaves of five plants) were recorded. 



P8 protein assay 

Tissues were collected from Leaf 1 and Leaf 2 during the 14 day 
period following induction of Leaf 1. The leaf tissues were rapidly 
frozen with dry ice end stored at -eOTC Protein extraction was 
based on the rT>ethod previously described Ui and Kuc, 1995). 
Frozen leaf tissues were homogenized at 0-4"C in 0.1 M sodkim 
citrate buffer, pH 5A containing 0.1% (v/v) ^ercaptoethanol and 
0.1% (w/v) L-escorfoic acid. The homogenate was centrifuged at 
12 000 g for 30 min. The supernatant was decanted and dialyzsd 
against two changes of water for 24 h and then against two 
changes of 0.05 M sodium acetate buffer (pH 5.0) for 2 h. The 
extract was centrifuged again at 10 000 g for 10 mln. The super- 
natant was used as crude enzyme extract. Protein concentrations 
were measured using the Bio-Rad protein assay kit with bovine 
gamma globulin as standard. 



Determination of enzyme activities in cucumber leaves 

Protein patterns and peroxidase isozymes were analyzed after a 
single separation using a 15% (wM nathre-PAGE gel (Pan at at, 
19891. Peroxidase activity was determined using guaiacol as 
substrate (Hammerschmidt et *L 1982). ^lA^ucanase and 
chitinase activities were detected as described elsewhere (Jl and 
Kuc 1999). , 



Expres^on of pr-1 gene in tobacoo leaves 

An internal fragment (tirom nt 304 to 535) of the tobacco pr-1 gene 
(Figure 1 in Comelissen etaL, 1986) was amplified in a polymerase 
chain reaction IPCR) and labeled with la-»Pl-dATP. Total RNA was 
purified from systemic learves (the ninth true leaves) of tobacco 
plants 5 days post-induction. Ten micrograms of RNA from each 
treatment were fractionated in a 1^ agarosefformaldehyda gel 
and subsequently blotted to bnmobilon-N membrane (MiOipore). 
Hybridization was performed in a solution consisting of S xSSC. 
2xDenhardrs reagent 0.1% SDS and 10% dextran sulfate at 55^ 
Washes were carried out in 0.2XSSC 0.1% SDS at GO*C 
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